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efficiency, enabling heat dissipation by the excess air. However, diesel engines produce diesel exhaust 37 that contains fine and harmful particles; nowadays researches aim to achieve the highest efficiency and 38 lowest emissions.
39
For traditional combustion, a reciprocal relationship between NOx and PM (soot) emissions is 40 established, thus the higher the emissions of NOx, the lower the PM emissions, and vice-versa. To 41 reduce both, controlling the combustion temperature of the fuel in the engine cylinder (low temperature 42 combustion), is considered as a promising method. The effects of low temperature combustion on 43 diesel engine performance, combustion, and emissions have been deeply investigated [1] [2] [3] [4] .
44
In recent years, the energy consumptions and the depletion of fossil fuels including petroleum are 45 increasing rapidly and the need of an alternative suitable fuel for traditional internal combustion 46 engines is being felt. N-butanol is regarded as one of the most representative of green substitute fuels [5
47
-7] and its use was investigated in different engines [8 -10] . Compared with methanol and ethanol, 48 n-butanol is more soluble in diesel fuel, does not corrode carbon steel and is hydrophilic. Moreover, 49 n-butanol has higher gross calorific value, higher carbon content and higher cetane number, lower 50 evaporating pressure and auto-ignition temperature, it is easy to evaporate, has a wider range of air-fuel 51 ratio, higher flashing point, and it is accessible for current fuel transportation equipment with higher 52 security [11] [12] [13] [14] . In addition, as oxygenated fuel, blending n-butanol to diesel could bring in more 53 oxygen in fuel-enriched area, and the oxygen atom could react with the soot precursor to reduce the 
65
The fuel injection system remarkably influences combustion and emissions of diesel engines.
66
High-pressure common rail injection system can affect the spray characteristics and combustion 67 process by controlling the injection quality, injection pressure, and injection timing precisely and 140 Table 2 summarizes the properties of diesel and n-butanol. The n-butanol has higher oxygen 141 concentration and lower cetane number than diesel, so the more the butanol is blended, the higher the 142 oxygen concentration and lower cetane number in the blend. 
144

156
The pilot-injection fuel mass was set at 6 mg. Three different pilot-injection timings (-30 °CA   157 ATDC, -45 °CA ATDC, and -60 °CA ATDC) were designed and tested separately. According to 158 author's previous study, over advanced pilot injection timings result in unacceptable maximum 159 pressure rise rate, while a deteriorated thermal efficiency and unstable combustion always 160 accompanies with an over late injection timing. Therefore, to ensure thermal efficiency and stable 161 operation to the engine, the pilot injection timing was selected within the range (-30 °CA ATDC, 162 -45 °CA ATDC, and -60 °CA ATDC).
163
The pilot-injection timing was set at -30 °CA ATDC; the total injection mass controlled the total 
186
To better understand the mechanism by which the increase of n-butanol ratio prolongs the ignition 261 Figure 9 shows the effects of pilot injection timing on brake specific fuel consumption (BSFC) at 262 different n-butanol ratios at EGR ratio 25%, while Figure 10 shows the same effects using B20 at 263 different EGR ratios.
264
Curves highlight that the advance of pilot injection timing leads to BSFC increasing; moreover, 265 the brake thermal efficiency decreases because the heat release of pilot injection occurs far away from 266 TDC, increasing heat transfer loss, frictional loss, and negative compression work of air/fuel mixture.
267
These changes decrease brake thermal efficiency, thus BSFC increase. 288 Figure 13 shows the effect of pilot injection timing on NOx emission at different n-butanol ratios, with
289
EGR ratio as 25%. Figure 14 shows the same effects using B20 at different EGR ratios. 
312
Moreover, the high specific heat of EGR lowers the combustion temperature, which has a negative 313 effect on soot oxidation. Besides, when the pilot injection timing delays, the main-injected fuel comes 314 into the combustion process of pilot injection fuel and causes oxygen deficiency, increasing the soot 315 emission.
316 Table 4 compares different engine performances fueled with B20 and with B0 fixing the 317 pilot-injection timing at -30 °CA ATDC, the pilot injection mass at 6 mg. Figure 19 shows the effect of pilot injection fuel mass on CA50 (for a single cylinder CA50 is 337 defined as the crank angle corresponding to 50% of the maximum apparent heat release) at different 338 n-butanol ratios, when EGR ratio is 25%. The curves show that with the increase of pilot injection fuel 339 mass, CA50 advances because the higher heat released and the ignition delay of main injection fuel 340 shortened. Therefore, the heat release rate of main injection phase is faster, and advances the CA50. 
318
421
In this study, engine performance, combustion and exhaust emissions of turbocharged direct 422 injection diesel engine were evaluated using n-butanol-diesel blends in low temperature combustion at 423 medium EGR ratio; engine speed was constant at 2000 rpm and various pilot injection timing and pilot 424 injection mass investigated. Effects of n-butanol properties of blends, and the effects of pilot injection 425 timing and pilot injection mass on engine performance and exhaust emissions were discussed in detail.
426
The main conclusions can be drawn:
427
 Addition of n-butanol to diesel leads to increase the maximum pressure rise rate and BSFC, 428 advance CA50, while decrease NOx and soot emissions.
429
 The use of EGR delays CA50, increases BSFC and soot emissions, decreases NOx emissions.
430
Advancing the pilot injection timing decreases the heat release rate peak value of the pre-injected 431 fuel, increases the peak value of heat release rate of the main-injected fuel slightly, decreases the 432 combustion pressure peak value in the main injection period, increases the maximum pressure rise 433 rate and BSFC while it decreases NOx and soot emissions.
434
 The more advanced the pilot-injection timing, the less NOx and soot emissions and thermal 435 efficiency, while the more increasing BSFC.
436
 Increasing the pilot injection fuel mass increases the heat release peak value of pre-injected fuel, 437 decreases the heat release peak value of main-injected fuel, increases the combustion pressure 438 peak value, the BSFC and NOx emission, while soot emission decreases at first and then 439 increases.
440
 When the injection mass of B20 is 4 mg, there is a strong reduction of emissions of NOx and soot, 441 which affect little engine BSFC and its thermal efficiency.
442
443 Table 1 Technical specification of test engine.
549 Table 2 Fuel properties.
550 Table 3 Uncertainties and experimental measurement techniques.
551 Table 4 Relative engine performances under different pilot-injection timing.
552 Table 5 
